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Background: Expression proﬁles of microRNAs (miRNAs) can shape the repertoire of proteins expressed in
development, differentiation and diseases. This study aimed to identify miRNA proﬁle of articular
cartilage at different developmental stages in rats.
Methods: Three small RNA libraries were constructed from the femoral head cartilage of Sprague-Dawley
(SD) rats at postnatal day 0, day 21 and day 42 and sequenced by a deep sequencing approach. Then
a bioinformatics approach was employed to distinguish genuine miRNAs from small RNAs represented in
the mass sequencing data. The expression of indicated miRNAs was determined by stem-loop RT-qPCR to
valuate the consistency with Solexa sequencing.
Results: Two hundred and ﬁfty-eight of 310 known miRNA and miRNA* genes were organized into 91
compact clusters. Two hundred and forty-six miRNAs were detected in all three small RNA libraries of rat
articular cartilage. Forty-six, ﬁfty-two and ﬁfty-six miRNA* genes were identiﬁed from three small RNA
libraries, respectively, and 86 novel miRNA candidate genes were found simultaneously. In addition, 23
known miRNAs were up-regulated (fold change 4); six were down-regulated (fold change4) during
articular cartilage development. The predicted targets of differentially expressed miRNAs were locally
secreted factors and transcription factors that regulate proliferation and differentiation of chondrocytes.
The same expression tendency of indicated miRNAs during articular cartilage development stages was
observed by using Solexa sequencing and stem-loop RT-qPCR.
Conclusion: Our study provided a unique opportunity to decipher how the elaboration of the miRNA
repertoire contributes to the development process of articular cartilage.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
MicroRNAs (miRNAs) constitutea large familyof single-stranded,
small noncoding RNAs with the sequence length of 21e24 nt. miR-
NAs, as key posttranscriptional regulators in a wide variety of
organisms, exert their effects by binding to the 30 untranslated
regions (30 UTRs) of target mRNAs1,2. Because each miRNA poten-
tially inhibits expressions of a distinct set of genes, differential
expressions ofmiRNAs can determine the repertoire of proteins that
are actually involved in development, differentiation and apoptosis: Shemin Lu, Department of
ity College of Medicine, West
el/Fax: 86-29-82657764.
in.lu@gmail.com (S. Lu).
ork.
s Research Society International. Por diseases such as tumorigenesis3. Accumulating observations
show that subsets of miRNAs are expressed in a speciﬁc tissue
patternandsometimesonlyduringcertaindevelopmental stage and
demonstrate that miRNAs play pivotal roles dependent on the
special tissue type and the cellular environment where they
expressed, although the concrete function of most miRNAs has not
been determined yet4e6. So miRNAs involve a profoundest and
complex mechanism to regulate gene expression and decide
developmental and behavioral changes7.
The development and growth of long bone depend on an
endochondral ossiﬁcation, and the process called embryonic carti-
laginous model contributes to longitudinal growth and is formed
through condensation ofmesenchymal cells and secretion of typical
cartilage extracellular matrix components as well as gradual
replacement by bone tissue in mammals. During the development
process of articular cartilage, on the one hand, chondrocytesublished by Elsevier Ltd. All rights reserved.
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hand, the extracellular matrix of cartilage is invaded by blood
vessels, bone marrow cells, osteoclasts and osteoblasts to replace
the remnants of cartilage extracellular matrix. The sequential
changes in chondrocyte behavior are tightly co-regulated by
both hormones and local paracrine or autocrine regulators, which
bind with the corresponding receptors to activate chondrocyte-
selective transcription factors through intracellular signaling
pathways8,9.
Several studies have documented that miRNAs inﬂuence on
skeletal development and chondrocyte differentiation10. MiR-140,
the ﬁrst miRNA related with bone development, for example, can
affect bone development by regulating histone deacetylase 4
(HDAC4)11. MiR-210 inhibits the expression of AcvR1b, and abro-
gates transforming growth factor-b (TGF-b) II signaling pathway
to regulate chondrocyte differentiation further12. Moreover, dicer-
null mice show a defected growth plates with a progressive
reduction of proliferating chondrocyte pool and a severe retar-
dation of skeletal growth, demonstrating the critical role of
miRNAs in the regulation of chondrocyte proliferation and
differentiation during skeletal development.
The strictly tissue-speciﬁc and developmental-stage-speciﬁc
expression is critical for appropriate miRNA function. Therefore,
differentially expressed repertoire of miRNAs related to articular
cartilage at different developmental stages could provide useful
information and probability for identifying key molecular players
in osteochondral development and osteochondropathies. In this
study, Solexa sequencing13, an integrative strategy combining an
experimental screening with bioinformatics analysis, was used to
identify global miRNAs expressed in rat femoral head cartilage at
different developmental stages. Three small RNA libraries were
constructed and sequenced. We obtained more than 300 known
miRNA genes, of which 23 are up-regulated (fold change 4), six
are down-regulated (fold change4) during cartilage develop-
ment process. In addition, 86 novel miRNA candidate genes were
identiﬁed in rat articular cartilage.Fig. 1. Histology of left femoral head at different development stages and expression of carti
at postnatal day 0 (A), day 21(B) and day 42 (C) and stained with HE. The purple arrows indic
is removed for the experiment. The expression levels of the Sox9 (D), aggrecan (E), ColIIa1 (
respectively, between two groups (n¼ 5).Materials and methods
Rat articular cartilage collection
SD rats (Sprague-Dawley Rattus Norvegicus) were bred in
a speciﬁc pathogen-free animal house and purchased from the
Laboratory Animal Research Centre of the Fourth Military Medical
University, Xi’an, China. The right femoral heads from ﬁve rats of
each development stage were removed of the muscle and
connective tissue on ice, rinsed in 0.9% NaCl. The cartilage was
dissected off from the line indicated in Fig. 1A at postnatal day
0 (d0), and at postnatal day 21 (d21) and day 42 (d42), the cartilage
was collected between bone and growth plate [Fig. 1(B, C)]. RNA
from the cartilage was immediately extracted for constructing
small RNA library and determining gene expression by RT-qPCR.
The other side femoral heads were used for the histological
examination by staining with hematoxylin and eosin (HE).
RNA isolation and Solexa sequencing
Total RNA was isolated from cartilage tissue by using TRIzol
method (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instruction. The small RNA library construction and Solexa
sequencing were conducted as previously described13. Brieﬂy,
20 mg of total RNA equivalently pooling from ﬁve rats of each
development stage was isolated by polyacrylamide gel electro-
phoresis (PAGE). Small RNA molecules (less than 30 nt) were
puriﬁed from the gel and ligated with Solexa adapters to their 50
and 30 termini, and then they were used as the templates for cDNA
synthesis. cDNA was ampliﬁed by using the adapter primers with
12 PCR cycles to produce sequencing libraries and fragments of
approximate 90 bp were isolated by agarose gel. The puriﬁed DNA
was used directly for cluster generation and sequence analysis by
using the Illumina Genome Analyzer (Illumina, San Diego, CA, USA).
The image ﬁles generated by the sequencer were then processed to
produce digital-quality data. After adapter sequences were maskedlage-speciﬁc genes. Representative images of the left femoral heads collected from rats
ate the epiphyseal plate and the black arrows indicate dividing line fromwhich cartilage
F) and ColXa1 (G) were evaluated by RT-qPCR. * and ** represent P< 0.05 and P< 0.01,
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for computational analysis13.
In silico analyses
Solexa readswerealignedagainst SD rat genome14 byusingShort
Oligonucleotide Analysis Package (SOAP)15. Sequences with perfect
matchwere retained for further analysis. To further analyze the RNA
secondary structures, about 100 nucleotides of genomic sequence
ﬂanking each side of these sequences were extracted, and the
secondary structures were predicted by using RNAfold16 and
analyzed by MIREAP software17 under the default settings18. Stem-
loop hairpins were considered typical only when they fulﬁlled
three criteria: (1) mature miRNAs are present in one arm of the
hairpin precursors, which lack large internal loops or bulges; (2) the
secondary structures of the hairpins are steady, with the free energy
of hybridization lower than 20 kcal/mol; (3) the hairpins are
located in intergenic regions or introns. The geneswhose sequences
and structures satisﬁed all of these criteria were considered as
candidate miRNA genes. Finally, all remaining candidates were
subjected to MiPred to ﬁlter out pseudo-pre-miRNAs19. Given
a sequence,MiPreddecidedwhether itwas apre-miRNA likehairpin
sequence or not. If the sequence was a pre-miRNA like hairpin, the
random forest-based classiﬁer would predict whether it was
a genuine pre-miRNA (minimum of free energy<20 kcal/mol
and P-value< 0.05) or a pseudo-pre-miRNA (minimum of free
energy>20 kcal/mol or P-value> 0.05)18.
miRNA target prediction
The most probable targets of the differentially expressed miR-
NAs in three libraries were ﬁshed out by using following two
approaches. In the ﬁrst approach, a number of different software
tools were employed for target prediction (miRanda, DIANA-
microT, RNAhybrid, TargetScan, MicroInspector, PicTar, miTarget,
RNA22). For enhancing the stringency of computational prediction,
the genes that are predicted to be target of speciﬁc miRNAs by at
least four of the eight target prediction programs integrated by
miRecords were considered only as candidates. In the second
approach, the putative target genes showed an inverse correlation
with miRNA expression were identiﬁed (showing more than 2-fold
differences). All the candidate genes are locally secreted factors and
transcription factors and have pivotal role in the regulation of
chondrocyte proliferation and differentiation8,9.
miRNA and mRNA quantitation by stem-loop RT-qPCR and RT-qPCR
assay
The expressions of twomiRNAs (rno-miR-140 and rno-miR-26a)
that have been documented to inﬂuence on skeletal development
and chondrocyte differentiation11,20 and four miRNAs (rno-miR-25,
rno-miR-181a, rno-miR-1 and rno-miR-150) whose roles in the
cartilage are still unknown were determined by stem-loop RT-
qPCR. Hsa-let-7a was chosen as a housekeeping gene (because of
rno-let-7a identical to Has-let-7a) to normalize the expression
levels. For obtaining cDNA of miRNAs, the reverse transcriptionwas
performed by using speciﬁc primer for each miRNA designed and
synthesized from the company (Invitrogen, USA) (Table S1). Brieﬂy,
total RNA was extracted from each cartilage sample of ﬁve rats at
different development stages, and 1 mg of total RNA was reverse-
transcribed into cDNA with looped antisense primers. The mix
was incubated at 16C for 15 min, 42C for 60 min, and 85C for
5 min. The expression levels of the six miRNAs were analyzed by
using miRNA-speciﬁc primers (Table S2)21.The expression of Sox9, aggrecan, collagen type II (ColII)a1 and
ColXa1 has been documented to be the hallmark of skeletal
development and chondrocyte differentiation9. The information of
primers and products of the genes is depicted in Table S3.
All qPCR was performed with SYBR Premix Ex TaqTM II (TaKaRa,
Japan) as the dsDNA-speciﬁc binding dye by a standardized
protocol in iCycler iQ5 real-time PCR Detection system (Bio-Rad,
Hercules, CA, USA). Brieﬂy, 1 ml cDNA (1:20 dilution) was used for
ampliﬁcation, and the mix of real-time PCR contained 4 ml cDNA,
5 ml 2 PCR SYBR Premix Ex TaqTM II (TaKaRa, Japan) mix, 0.5 ml
each primer. All reactions were run in duplicate for each sample.
The reactions were incubated in a 96-well optical plate at 95C for
5 min, followed by 40 cycles of 95C for 15 s and 60C for 45 s, and
then 72C for 5 min.
Statistical analysis
Data were expressed as 95% conﬁdence intervals and analyzed
by using SPSS. ManneWhitney test was used for the comparison
between the samples of different developmental stages and the
value of P< 0.05 was considered as statistically signiﬁcant.
Results
Developmental stages of femoral heads
The rat femoral heads at postnatal day 0, 21 and 42 were stained
with HE to microscopically observe the morphology of articular
cartilage. The femoral head at postnatal day 0, which represents
newborn/baby (0 y) of the human developmental stages22, was
only cartilage tissue without bone structure [Fig. 1(A)]. The femoral
head at postnatal d21, which represents ablactation/child (5 y) of
the human developmental stages22, showed the epiphyseal plate
and the primary ossiﬁcation center [Fig. 1(B)]. The femoral head at
postnatal day 42, which represents juvenile (11 y) of the human
developmental stages22, showed the secondary ossiﬁcation center
and a mature articular structure [Fig. 1(C)].
Four genes that have been conﬁrmed to represent skeletal
development and chondrocyte differentiation were chosen to
valuate articular cartilage development stages by RT-qPCR. The
results showed that Sox9 was steadily expressed [Fig. 1(D)],
aggrecan and ColIIa1 expressions were up-regulated at d21 and
down-regulated at d42 [Fig. 1(E, F)] and ColXa1 expressionwas up-
regulated at d21 and d42 [Fig. 1(G)], suggesting that the expression
pattern of cartilage-speciﬁc genes is consistent with the histolog-
ical changes of articular cartilage at different development stages.
miRNA gene clusters
We deﬁned 3 kb as the maximal distance for two miRNA genes
as clustered. By this deﬁnition, the rat miRNA genes in cartilage
expression were organized into 91 compact clusters, including 46
pairs, 27 triplets, 14 tetrads and four pentads (Fig. S1). Through
sequence similarity, miRNA genes were standardized to the 1
transcripts per million (TPM) and themiRNA genes with the similar
expressionwere clustered into one group. The results were showed
in Fig. S1 in which the up-regulated genes are white red, down-
regulated genes are white green and unexpressed genes are gray.
The bias of known miRNA hairpin precursors
Among the 291 known rat miRNAs, there were 251, 258 and 257
miRNA respectively expressed in rat articular cartilage at different
developmental stages. Meanwhile, out of 286 expressed miRNA
genes, 46, 52 and 56 sequence tags representing miRNA* sequences
Table I
Summary of known miRNAs from three libraries of rat articular cartilage
miRNA miRNA* miRNA precursors
Known miRNA in miRBase 14.0 291 58 286
d0 246 46 251
d21 254 52 258
d42 254 56 257
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the sequence tags from the known miRNA genes, we identiﬁed 21
miRNA genes that appeared to encode miRNAs on both arms of the
pre-miRNA (Table II). Moreover, 12 of these genes (miR-139, miR-
148b, miR-199a, miR-20b, miR-300, miR-324, miR-339, miR-342,
miR-345, miR-376b, miR-532 and miR-542) had a higher
sequence read number originating from the arm of the pre-miRNA
precursor opposite to the annotated mature miRNA that contains
arm in at least one of the three RNA libraries (Table II). Furthermore,
three miRNAs (miR-20b, miR-324, miR-532) revealed a reversion in
the ratios of the 5p and 3p which derived sequence tags across the
RNA libraries (Table II).
Ten of 56 known rat miRNAs*, including miR-28*, miR-25*, miR-
28*, miR-30c-2*, miR-106b*, miR-140*, miR-151*, miR-322*,
miR-382* and miR-543*, showed count reads more than their
corresponding miRNAs count reads at least in one of three libraries,
and other 14 miRNA* (let-7d*, miR-7a*, miR-24-2*, miR-30a*, miR-
30c-1*, miR-30e*, miR-125b*, miR-126*, miR-136*, miR-181a*, miR-
296*, miR-323*, miR-379*, miR-872*) displayed count reads more
than 100 at least in one library. Moreover, miR-9 and miR-9* genes
showed the same weak expression (Table S4).miRNA differential expression in the three libraries
After the number of each miRNA expressionwas normalized, the
expression fold changeswere compared viaPoisson test to determine
signiﬁcant differences between different libraries of known miRNA
expression indicated as a log 2 ratio (Fig. 2, Table S4). The result of all
310 known miRNAs detected in this study is available in
Supplemental Table S4. Comparing between d21 and d0 libraries, we
found 13 miRNAwith up-regulated expression and two miRNAwithTable II
Expression read counts of both arms of the miRNA precursors from three libraries of rat
miRNA ID d0 d21
No. of 5p reads No. of 3p reads No. of 5p r
rno-miR-10a 1185 0 837
rno-miR-125a 12,525 13 7699
rno-miR-125b 15,647 149 24,733
rno-miR-139 140 549 155
rno-miR-142 197 3 730
rno-miR-148b 4 146 26
rno-miR-17 412 48 668
rno-miR-199a 2740 497,313 6919
rno-miR-20b 2 5 10
rno-miR-300 1 52 4
rno-miR-30b 198 3 575
rno-miR-324 31 59 226
rno-miR-339 43 140 76
rno-miR-342 83 1558 59
rno-miR-345 30 142 173
rno-miR-369 1967 348 532
rno-miR-376b 29 526 86
rno-miR-409 4984 998 1600
rno-miR-532 238 316 305
rno-miR-542 140 1708 353
rno-miR-674 842 455 1448down-regulated expression when greater than four of fold change
was used as a threshold, and52 up-regulated and 13 down-regulated
when the changewas fromtwo to four. On the otherhand, comparing
between d42 and d0 libraries, we discovered 23 miRNAs expressed
up-regulatedly and six miRNAs down-regulatedly when fold change
was greater than four, and 47 up-regulated and 35 down-regulated
when fold change was from two to four. Moreover, none of the
miRNA expression change was greater than four, and there were 14
up-regulated and 15 down-regulatedmiRNAswhen fold changewas
from two to four compared between d42 and d21 libraries. Other
miRNAexpressionwas fairly stable.When the expression fold change
of one miRNA in three libraries is more than four, the miRNA is
regarded as highly related with the chondrocyte proliferation or
differentiation, and its target genes may regulate this process.
Seven (rno-let-7a, -7b, -7c, -7d, -7e, -7f, -7i) out of 11 rno-let-7
families were very high expression, and other four (rno-let-7b*,
-7d*, -7e*, -7i*) were ordinary or low expression. Five out of twenty
one miRNAs that have been conﬁrmed expression before11,12,23e37
inhibit chondrocyte differentiation, while twelve miRNAs
promote chondrocyte proliferation and/or differentiation, and
other four are related with chondrocyte differentiation (Table III.
The full list of the miRNAs is available in Supplemental Table S4).
Newly identiﬁed genuine miRNAs
In total, the result dataset via our in silico analysis was composed
of about three hundred thousand (286,726, 289,508, 319,579 of d0,
d21, d42, respectively) unique sequences which were consisted of
several millions loci (2,432,498 of the d0, 3,322,033 of the d21 and
4,179,434 of the d42, respectively) identiﬁed as “unann” rat small
RNAs. After selected the loci that embedded within typical stem-
loop structures, we have got rid of the loci with free energy lower
than20 kcal/mol and the loci that overlappedwith protein-coding
gene exons (see the criteria listed in Materials and methods).
Subsequently, the loci with the characteristic of Dicer excised sites
were only retained, and the remaining several thousands loci (6721
of d0, 8332 of d21, 9313 of d42, respectively) were considered as
candidate miRNA genes. Furthermore, the ﬁrst nucleotide bias are
almost U and A in 18w30 nt small RNAs and the length of nine
tenths miRNAs are 20w24 nt (Supplemental Fig. S2). Finally, we
identiﬁed the location, sequence, structure and expressionproﬁle ofarticular cartilage
d42
eads No. of 3p reads No. of 5p reads No. of 3p reads
1 1433 9
18 5429 19
68 24,808 52
206 161 208
85 1758 340
1133 68 1608
177 956 114
451,438 3168 464,137
7 16 7
27 2 16
1 803 2
137 146 77
271 107 215
1215 77 1075
238 185 209
77 143 28
551 38 167
163 759 93
390 472 260
3126 216 1266
404 1963 552
Fig. 2. Expression fold changes of miRNA gene among three libraries. After normali-
zation to 1 TPM, each known miRNA gene from one library was compared to the
corresponding one from another by log 2 ratio fold change (A, B, C). The detail infor-
mation of all 310 known miRNAs and miRNAs* detected in this study is available in
Supplemental Table S4.
Table III
Expression changes of miRNAs at different development stages of articular cartilage
miRNA ID Count of sequence reads
d0 d21 d42
miR-206 303,301 25,299 8190
miR-378 76,038 28,069 19,992
miR-199a-3p 497,313 451,438 464,137
miR-135a 12 10 22
miR-135b 0 3 7
miR-17-5p 412 668 956
miR-20a 44 122 208
miR-196a 160 935 1754
miR-18a 45 76 122
miR-125b* 33 284 430
miR-125b-5p 15,647 24,733 24,808
miR-210 63 2198 2676
miR-148b-3p 146 1133 1608
miR-148b-5p 4 26 68
miR-29b 10 807 3276
miR-223 1481 435 1878
miR-26a 9036 25,783 40,663
miR-222 4069 4659 7206
miR-29a 12,432 72,580 187,163
miR-29c 85 1241 6900
miR-140 67 1993 2936
I: inhibited articular cartilage differentiation.
P: promotes articular cartilage differentiation.
R: related with articular cartilage differentiation.
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the libraries of d0, d21 and d42, respectively (Table S6).
Predicted targets of differentially regulated miRNAs
The schematic diagram is providing the roles of the differen-
tially expressed miRNAs (showing more than 2-fold differences)
and its putative target genes in regulating chondrocyte prolifera-
tion and differentiation at different developmental stages (Fig. 3).
The target genes of multiple miRNAs are likely to be tightly regu-
lated and may show graded response on the basis of the expression
of different miRNAs40. Insulin-like growth factor 1 (IGF1), wingless-
relatedMMTV integration site (Wnts), bonemorphogenetic protein
(BMPs) and Indian hedgehog (Ihh) all are considered as stimulatory
factors for chondrocyte proliferation, while IGF1, runt related
transcription factor 2 (Runx2), myocyte enhancer factor 2C
(MEF2C) and Ihh are stimulatory factors for chondrocyte differen-
tiation. The miRNAs targeting these genes were down-regulated in
the three libraries. On contrast, the miRNAs targeting the genes to
inhibit chondrocyte proliferation and differentiation, such as Sox9
and HDAC4 were up-regulated in the three libraries. Especially, the
predicted rno-miR-322 of ﬁbroblast growth factor (FGFs), which
inhibits chondrocyte proliferation and stimulatory chondrocyte
differentiation, was up-regulated at d21 and then down-regulated
at d42.
Detection miRNA expression with stem-loop RT-qPCR analysis
Two miRNAs that have conﬁrmed to inﬂuence skeletal develop-
ment and chondrocyte differentiation (rno-miR-140 and rno-miR-
26a) and four unveriﬁed miRNAs (rno-miR-25, rno-miR-181a,
rno-miR-1 and rno-miR-150) were selected randomly and their
expressions were detected by stem-loop RT-qPCR. The expression
levels ofmiR-140,miR-26a, miR-25,miR-150 andmiR-181awere up-
regulated in the order of d0< d21< d42 [Fig. 4(AeD, F)], while
miR-1 gene was down-regulated in the opposite order (d0>
d21> d42) [Fig. 4(E)]. On the whole, expression levels measured by
RT-qPCR assay were concordant with Solexa sequencing, suggestingExpression fold changes Known function
(Ref)
d21/d0 d42/d0 d42/d21
3.58 5.21 1.63 I28
1.44 1.93 0.49 I29
0.14 0.10 0.04 I26
0.26 0.87 1.14 I25
e e 1.22 I31
0.70 1.21 0.52 P24
1.47 2.24 0.77 P24
2.55 3.45 0.91 P33
0.76 1.44 0.68 P34
3.11 3.70 0.60 P27
0.66 0.66 0.00 P27
5.12 5.41 0.28 P12
2.96 3.46 0.51 P30
2.70 4.09 1.39 P30
6.33 8.36 2.02 P35
1.77 0.34 2.11 P36,38
1.51 2.17 0.66 P20
0.20 0.82 0.63 R37
2.55 3.91 1.37 R39
3.87 6.34 2.48 R39
4.89 5.45 0.56 R11
Fig. 3. Schematic diagram of differentially expressed miRNA roles in regulating chondrocyte proliferation and differentiation at different developmental stages predicted by
bioinformatical analyses. Plus signs indicate to stimulate or activate pathways and minus signs indicate to inhibit or suppress pathways. The fold change of the differential
expression of all the predicted miRNAs is more than two. PTHrP: parathyroid hormone-related protein; Sox9.
J. Sun et al. / Osteoarthritis and Cartilage 19 (2011) 1237e12451242that Solexa sequencing is capable of discovering miRNAs with high
accuracy and efﬁciency.
Discussion
Rats are generally accepted as a useful model for studying
human diseases. Thus, a thorough knowledge of the morphology
and genetic programs of rat skeleton development and articular
cartilage differentiation may provide a unique opportunity toFig. 4. The expression of six miRNAs at different developmental stages of articular cartilag
miRNAs in rat were evaluated by stem-loop RT-qPCR with 40 cycles. Two conﬁrmed miRNA
rno-miR-181a (D), rno-miR-1 (E) and rno-miR-150 (F)) were random selected. The left pane
cloning reading obtained from Solexa sequencing.reconstruct themajor events of articular cartilage development and
decipher how the bone plan evolves. Also rats are widely used as
a useful model to investigate osteochondral diseases, such as
osteoarthritis, rheumatoid arthritis, osteoporosis and Kashin-Beck
Disease, a kind of chronic, endemic and deforming osteocartilagi-
nous diseases with high prevalence in speciﬁc regions of Asia41.
However, the study of miRNAs in mice, calves and humans has far
outpaced that in rats. Given the convenient position of rats as well
asmice and calves, the identiﬁcation of novel miRNAs from rats wille detected by Solexa sequencing and RT-qPCR. The expression levels of the indicated
s (rno-miR-140 (A) and rno-miR-26a (B)) and four unveriﬁed miRNAs (rno-miR-25 (C),
l in each miRNA is the expression determined by RT-qPCR (n¼ 5) and the right panel is
J. Sun et al. / Osteoarthritis and Cartilage 19 (2011) 1237e1245 1243contribute greatly to understanding the possible role of miRNAs in
facilitating the development of particular organ forms. The avail-
ability of more miRNAs in mammals with complex organs, which
have increased their cell type repertoire and morphological
complexity in a manner strikingly similar to the expansion of their
miRNAs, might be helpful to further modulate the developmental
network in complex tissues and organs18. Because not all rat
cartilagemiRNAs have been registered in the miRNA database37, we
employed Solexa sequencing to identify miRNA expression pattern
and trend from rat femoral head cartilage of different development
stages, including articular chondrocytes at d0 and both articular
surface cartilage and growth plate cartilage at d21 and d42.
The proﬁling miRNA expression of spatial speciﬁcity in bovine
articular cartilage by using microarray assays has been reported42.
However, the proﬁling miRNAs are not sufﬁcient, because of only
meeting the knownmiRNA frommiRNAs database. We also shaped
a comprehensive analysis of the organization of rat chondrocyte
miRNA genes during different developmental stages. After carefully
comparing our results with the previous study42, we found that the
dataset from their study is just mainly a part of the Solexa dataset
(Table S4) despite of species differences. Our results presented here
provide experimental and bioinformatics evidence supporting the
discovery of 86 novel miRNA candidates that are expressed in
different stages of the rat skeleton development and articular
cartilage differentiation. Together with the existing set of 254
known rat miRNAs and 56 known rat miRNAs*, this brings the total
miRNA genes to 396 in the different cartilage development stages
and articular cartilage proliferation and differentiation process. All
of these novel miRNA candidates meet the expression and structure
criteria required for miRNA annotation, and many have accessional
supporting evidence, for example genomic clustering, multiple
observations of expression, and cloning of the star sequences.
miRNAs are often present specially in the genome regions as
clusters where multiple miRNAs are arranged in the same orien-
tation and transcribed as a polycistronic structure, allowing them to
function cooperatively and synchronously4. Forty-two percent of
known human miRNA genes are aligned in clusters in the genome
special regions, using a 3000 nucleotide distance threshold
between two miRNA genes43. Some miRNA clusters were contin-
uously expressed in three articular cartilage libraries, implying an
ancient origin conserved throughout the course of articular carti-
lage development, such as the miR-let7a/miR- let7e cluster. On the
other hand, some clusters, for example the miR-33/miR-140/miR-
210/miR-193/miR-497/miR-29b cluster, seemed to be necessary
for development, proliferation and differentiation of articular
cartilage. Likewise, approximately consistent with the known
miRNA organization in bovine, mouse and humans of articular
cartilage using microarray assays or other methods, many rat
miRNAs have multiple copies that may augment or amplify the
physiological functions of individual miRNA genes in the genome
and are organized in clusters. Our observations also support the
hypothesis that the miRNA gene ampliﬁcation causes the miRNA
gene rapid spread throughout the organogenesis and cell differ-
entiation18. Although the functions of major miRNAs have not been
elucidated yet, a few miRNAs identiﬁed in this study as being
differentially expressed in rat articular cartilage have previously
been reported in other biologic contexts (articular chondrocyte
and/or cell lines of different species). The role of miRNAs in classical
signaling pathways that play a critical role in osteogenesis and
articular cartilage development (e.g., HDAC4-mediated, BMP2-
mediated or TGF-beta-mediated biological processes) is of consid-
erable interest to regulate the cell growth or differentiation.
We applied a statistical evaluation procedure capacitating us to
identify potentially signiﬁcant changes in relative miRNA abun-
dance between the three small RNA libraries of rat articularcartilage. The causes of the widespread differential expression of
miRNA genes could be interpreted by the location of these genes in
development-associated genomic regions, by alterations in the
miRNA processing machinery and by epigenetic mechanisms44.
And, identiﬁcation of putative targets may help to understand the
biological role of the differentially expressed miRNAs.
However, it is suspectable conclusion that the different tissue-
speciﬁc miRNAs can regulate the same gene during different
developmental processes11 because miR-1 is signally down-
regulated in very high expression level in our three libraries
during the rat different articular cartilage development process.
One of the key ﬁnding from our results could establish a mecha-
nism for the same miRNA in different tissue to selectively induce
a tissue-speciﬁc phenotype and suppress alternative lineages.
Meanwhile, the inherent distinction of a few miRNAs with spatial
and temporal speciﬁcity expression is partly changed. For instance,
although several miRNAs which are characteristic of pancreatic
tissue45, such as miR-7b, miR-216 and miR-217, are almost unex-
pressed in the three libraries, miR-7a and miR-375 are well estab-
lished in rat articular cartilage.
On the other hand, it is noteworthy that the miRNAs identiﬁed
in rat cartilage in our investigation are novel as compared with
those identiﬁed in other articular chondrocyte and cell lines of
different species for the reason of scarce miRNA expression and the
differential cluster in our three libraries. For example, the expres-
sion level of rno-miR-135a, rno-miR-141 and rno-miR-200a25,27 is
very low in our results. Furthermore, our results demonstrate that
there are the similar expression trend and the signiﬁcant difference
expression level between miR-17-5p and miR-20a24 on account of
in an incompact cluster on rat genomes (Fig. S3).
Moreover, our data are in accord with previous reports that the
expression of miR-27b could down-regulate matrix metal-
loproteinases (MMPs)-13 in osteoarthritis (OA) cartilage and
silencing of miR-34a could effectively reduce rat chondrocyte
apoptosis induced by interleukin 1 beta (IL-1b)46,47.
In conclusion, it is intriguing to speculate that a pool of such
miRNAs contributed extremely to the articular cartilage develop-
ment of complex skeletal plans, thereby, provide a unique oppor-
tunity to decipher how the skeletal plan evolved. And, this insight
into the roles of miRNAs during cartilage chondrocyte differentia-
tion process in the biology will provide a basis for further
systematic investigation of articular cartilage in development and
degenerative diseases associated with aging, such as in the
osteoarthritis.
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